The topological spin textures in magnetic vortices in confined magnetic elements offer a platform for understanding the fundamental physics of nanoscale spin behavior and the potential of harnessing their unique spin structures for advanced magnetic technologies. For magnetic vortices to be practical, an effective reconfigurability of the two topologies of magnetic vortices, that is, the circularity and the polarity, is an essential prerequisite. The reconfiguration issue is highly relevant to the question of whether both circularity and polarity are reliably and efficiently controllable. In this work, we report the first direct observation of simultaneous control of both circularity and polarity by the sole application of an in-plane magnetic field to arrays of asymmetrically shaped permalloy disks. Our investigation demonstrates that a high degree of reliability for control of both topologies can be achieved by tailoring the geometry of the disk arrays. We also propose a new approach to control the vortex structures by manipulating the effect of the stray field on the dynamics of vortex creation. The current study is expected to facilitate complete and effective reconfiguration of magnetic vortex structures, thereby enhancing the prospects for technological applications of magnetic vortices.
INTRODUCTION
A magnetic vortex in a micron-sized ferromagnetic element consists of the central core (polarity, p) in which the magnetization is pointing into the out-of-plane direction either up (p = +1) or down (p = −1), and the in-plane magnetization (circularity, c) rotates around the central core in either the clockwise (c = +1, CW) or counter-clockwise (c = −1, CCW) direction. 1, 2 Because both circularity and polarity can be specified by two independent values, that is, c = ± 1 and p = ± 1, four distinct spin states can exist in a single magnetic element with the combination of circularity and polarity. Magnetic vortices have been intensively studied due to their compelling physical behavior [3] [4] [5] [6] [7] and their potential in a wide range of applications such as data storage, 8, 9 signal transfer, [10] [11] [12] logic devices, 13 transistors 14 and artificial skyrmion crystals. [15] [16] [17] [18] With respect to practical application of magnetic vortices in advanced nanotechnologies, one of the critical factors is the effective reconfigurability of two topologies, c and p, particularly within large and densely packed arrays of magnetic elements. 19, 20 As a representative example, for successful achievement of vortex-based signal transfer and logic and transistor operations, the desired configurations of magnetic vortex states must be first established. [10] [11] [12] [13] [14] Additionally, uniformly arranged vortex structures are also required to generate artificial skyrmion crystals based on magnetic vortices in proximity to perpendicularly magnetized thin films. [15] [16] [17] [18] For effective reconfiguration of magnetic vortex structures, one key issue is reliable and efficient control of both c and p in magnetic vortices, which is also vital for storage applications. Thus far, both static and dynamic studies on the control of vortex structures have been primarily dedicated to manipulation of either the c or p alone. 8, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] A few attempts have been made to control both c and p, but these attempts have been conducted without repetition, meaning that only a single event of control has been investigated. 32, 33 Therefore, reliability and repeatability for control of both topological features has not yet been addressed. In addition, multiple manipulation methods, for example, both in-plane and out-of-plane magnetic fields, have been applied to achieve control of both c and p. Reliable and technically plausible control of both c and p with the application of a single control factor, such as either an in-plane or out-of-plane field, and an in-depth understanding of relevant physics remain as challenges.
In the current investigation, we demonstrate that application of an in-plane magnetic field alone enables simultaneous control of c and p in an array of asymmetric permalloy (Py, Ni 80 Fe 20 ) disks with one flat-edge side. The reliability in the control of vortex structures is found to be sensitive to the geometry of the nanodisk arrays, including the flat-edge ratio (r, as defined in Figure 1 ) and the disk height (h). Based on a comprehensive understanding of the stray field effect on the dynamic process of vortex creation, we propose a new means of vortex-state control that enables the global and/or local reconfiguration of vortex structures in closely packed permalloy disks.
MATERIALS AND METHODS

Sample preparation
Py disk arrays were fabricated on X-ray transparent silicon-nitride membranes using e-beam lithography and sequential lift-off processes. The disk radius (R) and interdisk distance (d) were fixed at R = 500 nm and d = 200 nm, and the disk height (h) and flat-edge ratio (r) were varied from h = 40 to 100 nm and from r = 0.1R to 0.2R.
Imaging of magnetic vortex structures
To observe the complete vortex structures (i.e., both circularity and polarity), we used magnetic full-field transmission soft X-ray microscopy (MTXM) at the Advanced Light Source (XM-1, beamline 6.1.2.). 34 In-plane and out-of-plane magnetizations were respectively imaged by mounting the specimens at 60°and 90°angles with respect to the incident X-ray beam direction. The magnetic contrast at XM-1 is created by an X-ray magnetic circular dichroism mechanism. The X-ray beam energy was set at the Fe L 3 edge (707 eV) of the X-ray absorption spectra. To enhance the magnetic contrast and eliminate any non-magnetic background, the images collected in the remanent state were normalized by a reference image recorded at the saturation state. To saturate the Py disks, an in-plane magnetic field of +100 or − 100 mT was applied parallel to the flat edge of disks, as shown in Figure 1 .
Micromagnetic simulations
Micromagnetic simulations were conducted with disks of 2R = 999 nm, h = 40 nm, r = 99 nm (~0.2R) and an interdisk distance of d = 201 nm, the dimensions of which are nearly identical to those of the disks (2R = 1000 nm, h = 40 nm, r = 100 nm (~0.2R) and d = 200 nm) studied in the experiments. The lateral dimensions of the disks and the interdisk distance were multiples of 3 nm due to the cell size of 3 × 3 × 5 nm 3 chosen for the simulations. The micromagnetic simulations were performed using the object-oriented micromagnetic framework (OOMMF) code, 35 which numerically solves the Landau-Lifshitz-Gilbert equation 36, 37 for the local magnetization vector M r; t ð Þ : ∂M=∂t ¼ ÀgðM H eff Þ þ ða= M j jÞðM ∂M=∂tÞ with phenomenological damping constant α, gyromagnetic ratio γ and effective field H eff .
The standard material parameters for Py were used: saturation magnetization M s = 800 kA m −1 ; exchange stiffness A ex = 13 pJ m −1 ; damping constant α = 0.01; and zero magnetocrystalline anisotropy. Periodic boundary conditions were used in the simulations to take account of stray fields induced by adjacent disks within the arrays of disks.
RESULTS AND DISCUSSION
Direct observation of magnetic vortex structures Figure 1 shows the schematic diagram of a Py disk array with a radius of R = 500 nm, a height of h = 100 nm, an interdisk distance of d = 200 nm and a flat-edge ratio of r = 0.2R. The creation of vortex structures in the disk array was achieved using a positive field sequence: a magnetic field of +100 mT is applied in the positive x direction (H = +H x ) parallel to the flat edges of disk elements to fully saturate the disks and is subsequently relaxed to the remanent state at 0 mT by turning off the magnetic field. The inset in Figure 1 illustrates MTXM images of the in-plane spin configurations observed in the array after the positive field sequence. The direction of magnetization in the disk plane is indicated with a white arrow. The in-plane magnetic contrast allows the value of c to be determined. It is clearly evident that with the positive field sequence, the preferably created circularity is CCW(c = − 1). To determine whether any field-direction effect exists on the type of created circularity, we also observed the vortex structures formed after the following sequence: a field of −100 mT is applied in the negative x direction (H = −H x ) and is subsequently turned off to 0 mT (hereafter referred to as the negative field sequence). In Figure 2a , we show a representative series of images for the in-plane domain structures taken from two different field sequences in the disk arrays with edge ratios r = 0.1R and r = 0.2R. In both arrays, the CW (c = +1) circularity is created by the negative field sequence, and the CCW (c = − 1) circularity is created by the positive field sequence. This result shows that circularity can be selectively created in the asymmetric disks by altering the direction of the in-plane field. It should be noted that the rotational sense of circularity selected by each field sequence in the disks within the array shown in Figure 2a is opposite to the one formed in an isolated disk with the identical field sequence. 24, 26, 27 Under the positive (negative) field sequence, CCW (CW) circularity is generated in the disks within the array, whereas CW (CCW) circularity is created in an isolated disk. 24, 26, 27 To understand the change in the type of created circularity between disks within the array and a single isolated disk, we considered the effect of the stray field on the vortex creation process. Based on micromagnetic simulations for vortex formation with and without consideration of the stray field, we confirmed that the dynamics of vortex creation could be significantly altered by the stray field. Under the influence of the stray field, the dynamic process of vortex formation in the positive (negative) field sequence proceeds toward creation of the CCW (CW) circularity, as observed in disks within the array (Figure 2a ). The detailed dynamic procedure and the stray field effect on the dynamics are discussed later.
Controllability of circularity in asymmetric disk arrays
The reliability of circularity control (controllability) was quantitatively investigated by switching the direction of the external field for various arrays of disks with different disk heights and flat-edge ratios, as shown in Figure 2b . To accumulate statistically meaningful data, the experimental procedure schematized in Figure 2a was repeated 40 times, and vortex structures in 25 individual disks were examined in each array. The generation rate of an identical circularity in any given disk within 40 repetitions was counted as the metric for controllability, where the controllability is defined as 100% (0%) Figure 1 Magnetic imaging of asymmetrically shaped disks. Schematic diagram of asymmetric disks with radius R = 500 nm, height h = 100 nm and edge ratio r = 0.2R within an array with an interdisk distance of d = 200 nm. Insets show representations of MTXM images of the in-plane magnetic components observed in a positive field sequence from +100 to 0 mT.
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if the generation rate of CCW circularity is 100% (50%) within 40 repeated cycles with the positive field sequence (for which CCW circularity is predominantly generated). In Figure 2b , the error bar represents the standard deviation of controllability over the 25 disks. The reliability for formation of a vortex structure with the same circularity in asymmetric disks is certainly improved compared with the case of symmetric circular disks. The reliability of circularity control is greater than 95% in asymmetric disks with h = 100 nm, as shown in Figure 2b , whereas the probability for formation of vortex structures with the same circularity determined from statistical measurements (20 repetitions, 25 individual disks) is less than 35% in the case of symmetric full disks with the same height of 100 nm. In Figure 2b , we find that the controllability is sensitive to the geometry of the disk arrays. As the flat-edge ratio increases from r = 0.1R to 0.2R, the controllability increases, and disks of h = 100 nm show higher controllability than those of h = 40 or 70 nm. The high controllability of greater than 90% observed in the 100-nm-thick disks, regardless of the edge ratio, might be due to the less pronounced impact of thermal fluctuations associated with the large volume of disks. Indeed, thermal fluctuation 38 is an inherent factor that hinders reliable control of magnetic processes. 39, 40 The intensity of thermal fluctuation occurs in inverse proportion to an activation volume, which is related to the thermal effect. 41 In vortex formation, the disk volume could be considered as an activation volume 42 because the formation process undergoes multiple steps of nucleation and annihilation of the vortex and anti-vortex occurring in the vortex core and also over the entire disk volume. 43 The effective thermal effect is reduced by a factor of 2.5 as the disk height increases from 40 to 100 nm, that is, disks of h = 100 nm are less prone to thermal fluctuations than the thinner disks. Consequently, in larger-volume disks, the same type of vortex structure can be more reliably created.
Simultaneous control of circularity and polarity in asymmetric disks For disks of h = 100 nm and r = 0.2R, which exhibit approximately 97% accuracy in circularity control, we verified the simultaneous control of c and p through direct imaging of circularity and polarity. Figure 3a shows MTXM images of in-plane and out-of-plane magnetic structures observed in an identical region of the array. In the out-of-plane MTXM images, the white and black spots in the centers of the disks indicate down and up polarities, respectively. Remarkably, the change of field direction triggers switching of the circularity and the polarity. CW circularity (c = +1) with a down polarity (p = − 1) is formed after the positive field sequence, whereas CCW circularity (c = −1) with an up polarity (p = +1) is most often generated after the negative field sequence. A simplified illustration of this observed phenomenon is shown in Figure 3b . The results indicate that simultaneous control of c and p is feasible using a single manipulation process, that is, application of an in-plane magnetic field in the asymmetric disks. This result suggests the possibility of highly efficient reconfiguration of the magnetic-vortex structures in nanodisk arrays. Our result is unexpected and intriguing because only c has been considered controllable in asymmetric disks. [24] [25] [26] [27] [28] Simultaneous control of c and p is thought to be related to the asymmetric nature in the formation process of vortex states, as reported in our previous work. 7 It was found that two different vortex state groups with cp = +1 and Simultaneous control of magnetic topologies M-Y Im et al cp = − 1 are not energetically equivalent in a single circular disk due to both intrinsic and extrinsic factors. Either cp = +1 or cp = −1 is more stable than the other, and the energetically favored vortex group predominantly forms. In the case of asymmetric disks (Figure 3a) , cp = −1 is more favored than cp = +1. If c = +1 switches to c = − 1, p tends to flip from p = −1 to p = +1 to form cp = −1. Notably, c and p are not independent, but they are linked with each other in that c and p tend to switch together. This intrinsic connection between c and p could be a critical feature that must be seriously considered for individual control of c and p. In contrast to circular disks, circularity in asymmetric disks is controllable by altering the direction of the magnetic field, which allows for simultaneous control of c and p in such disks. The reliability of simultaneous control of c and p, as determined by a statistical ensemble of 300 events (15 repetitions, 20 individual disks), was found to be 77 ± 17 and 79 ± 16% in disks of 100 nm thickness with 0.2R and 0.1R edge ratios, respectively. The errors correspond to the s.d. of reliability for the 20 disks. It should be noted that the data obtained from the statistical ensemble cover any possible randomness or imperfection of vortex control that can exist in certain of the disks, as shown in one of the six disks in the lower-middle panel and two of the six disks in the lower-right panel, as indicated by white dots in Figure 3a . The reliability of vortex control can differ from one disk to another, mostly due to randomly generated surface-related extrinsic factors such as roughness and defects. It is expected that the accuracy of controlling both c and p can be further enhanced by optimizing the geometries of asymmetric disk arrays.
New approach for control of vortex structures in asymmetric disks
Finally, we propose a new approach to controlling c in asymmetrically shaped disks. As demonstrated in Figure 3 , because simultaneous control of c and p is feasible when c is reliably controlled, this method could replace that involving alteration of the direction of an in-plane field for control of both c and p in asymmetric disks. As noted in Figure 2 , the stray field is the critical magnetic factor for determination of finally formed c states in asymmetric disks because it significantly affects the dynamics in the early stage of the vortex formation process. 43 A certain type of circularity, ether c = +1 or c = −1, is selected according to whether the stray field exists or not. Our approach to the control of c is to manipulate the stray field effect on the dynamic process of vortex creation using an additional, static and uniform field (hereafter, the control field). The control field can create an effective stray field environment of closely packed disks that resembles one of an isolated disk and vice versa. First, to fully understand the influence of the stray field on the process of vortex structure formation, micromagnetic simulations of the dynamics of vortex formation in an isolated element and the same element with neighboring identical elements have been performed without considering the control field. The two disks were set to the same geometry of 2R = 999 nm, h = 40 nm, r = 99 nm (~0.2R) and an interdisk distance of d = 201 nm, parameters that are nearly equal to those (2R = 1000 nm, h = 40 nm, r = 100 nm (~0.2R) and d = 200 nm) of the disk studied in the experiments. Figure 4a shows images of the simulated dynamic processes in an isolated single disk (upper) and in a disk within the array of d = 201 nm (lower). The color on the disk surface represents the curl of in-plane magnetization (m). The red (blue) color indicates the CCW (CW) winding direction of m, and the arrow indicates the direction of in-plane magnetization on the disk surface. To trigger vortex creation, the disks were initially saturated at +100 mT and subsequently relaxed to 0 mT within τ = 4.4 ns. The strength of the stray field generated in the disk array of d = 201 nm during the process was estimated to be approximately 10 mT in the +x direction. In the early stage of vortex formation (⩽7.2 ns for isolated disks (upper), ⩽ 9.7 ns for a disk within an array (lower)), nearly identical dynamic processes were observed in the two disks. Two vortices are injected from the left and right sides of the disk, respectively, and they move closer to each other. Because these disks have the same CCW circularity (red), a cusp-shaped magnetization configuration is formed between them and is transformed into an oxbow-shaped configuration (t = 11.6 ns (upper) and 12. 3 ns (lower)). As the dynamics progress, an additional CW vortex appears (t = 12.1 ns (upper) and 15.4 ns (lower)). The effect of the stray field becomes obvious from comparison of the isolated disk at t = 14 ns (upper) with the disk within the array at 15.8 ns (lower). In the isolated disk, the initially injected CCW vortices move toward the flat edge of the disk, and the newly created CW vortex (blue) is located in the central region. However, due to the stray field in the disk within the array of d = 201 nm, the two CCW vortices remain at the center, and the CW vortex is annihilated at the round edge. Consequently, in the isolated disk, the inner-disk CW vortex becomes the final vortex structure, whereas in the disk within the array, one of the initially injected CCW vortices survives as the ultimate vortex. In summary, the stray field in the d = 201 nm (~10 mT) array stimulates the creation of CCW circularity in the positive field sequence from +100 to 0 mT.
To clarify our concept of circularity control using a control field, we again conducted micromagnetic simulations in identical systems. The disks were relaxed to 0 mT from the fully saturated state at +100 mT, according to the procedure outlined in Figure 4a . However, in this simulation, control fields of ± 10 mT were additionally applied at the moment when the 100 mT saturation field was turned off. By turning on the control field of +10 mT (−10 mT) in the positive field sequence, the saturation field of +100 mT is reduced directly to +10 mT (−10 mT). The purpose of the control field is to create an environment similar to that in which the stray field exists in an isolated disk and to create the condition under which no stray field exists in the disk within the array by countering the influence of the stray field induced by adjacent disks within the array. The control-field strength (10 mT) was chosen based on the results shown in Figure 4a , in which case the stray field strength in the disk array of d = 201 nm was approximately 10 mT. The direction of the control field was set as +x for the isolated disk and −x for the disk within the array, considering the fact that the stray field in the array of d = 201 nm occurred in the +x direction (Figure 4a ). Snapshot images taken from the simulations are displayed in Figure 4b . The dynamics in the isolated disk with the applied +10 mT control field (upper) are analogous to those observed in the disk within the array (Figure 4a ). The initially injected CCW vortices (red) shift to the center of the disk during the annihilation of the CW vortex (blue) at the 16.4 ns stage, and consequently, the final vortex is CCW, as in the case of the disk within the d = 201 nm array with no control field (Figure 4a ). At the same time, the dynamic process in the disk within the array with the induced − 10 mT control field (lower) was almost identical to that observed in the isolated disk (Figure 4a ). The CW vortex newly created at the 12.2 ns stage is located in the middle of the disk with the two CCW circularities pushed toward the edge (13.6 ns), and the CW vortex finally forms. The simulation results demonstrate that the effect of the stray field on the dynamic process of vortex creation can be manipulated by the applied control field and that the finally created vortex structure is consequently controlled.
This proposed approach was also confirmed experimentally. Figure 5 shows a series of images for in-plane domain structures observed in an isolated disk (a) and in disks within an array of d = 201 nm after their relaxation from the saturation state to the remanent state without and with application of the control field of +30 mT and −30 mT, respectively. The positive H control was applied to an isolated disk to mimic the stray field existing in the arrays, and the negative H control was applied to the disks within the array to compensate the effect of the stray field induced by the adjacent disks. We applied H control with the same external field magnet used in saturation of the disks. To reproduce the procedures performed in the simulations, H control was applied immediately after the saturation field of +100 mT was turned off, and the finally created vortex structures were observed after turning off H control . Within three repeated measurements, as shown in Figure 5 , by applying H control during the formation process of vortex structure, the created circularity switches from CW (c = 1) to CCW (c = −1) in the isolated disk and CCW (c = −1) to CW (c = 1) in disks within the array, although a few exceptions could also be observed occasionally, in good agreement with the simulation results. In the experiment, H control stronger than 10 mT was preferred to reliably manipulate the stray field effect. It is thought that the stray field from neighboring disks in the array might be not exactly 10 mT in all cases but exceeds 10 mT in real samples with non-ideal geometries. We also found that the reliability for control of the vortex structure using H control is improved as the strength of the control field increases. Based on 20 repeated measurements, it was verified that reliability for the control of circularity can exceed 80% with H control = ± 50 mT. In this manner, for both an isolated disk and a disk within an array, the circularity can be simply controlled by turning the additional H control on or off, without any need to alter any aspects of array geometry such as the interdisk distance. Moreover, this method offers the possibility of selective control of specific vortex structures in closely packed disks with a simple electrode architecture, thereby also enabling local reconfiguration of magnetic vortices in the disk arrays. By applying current through an electrode during the relaxation of the disks from the saturation state to the remanent state, circularity is controllable using the Oersted field thus generated. The Oersted field induces a controlfield effect equal to that shown in Figures 4b and 5 , and the latter field can control the stray field from the adjacent disks within the arrays. Any type of electrode is applicable, although the field generated must be sufficiently strong to offset the effect of the stray field that already exists within the arrays.
CONCLUSION
We report that simultaneous control of vortex circularity and polarity can be achieved using a simple procedure that applies an in-plane magnetic field, and the reliability of this approach can be enhanced with optimized geometry of the asymmetric disk arrays. Because reliable and simultaneous control of c and p could be crucially beneficial to effective reconfiguration of magnetic vortex structures within arrays, this work advances the potential for applications of magnetic vortices in advanced magnetic nanotechnologies.
